Mycobacterium tuberculosis is an infectious agent that claims about three million lives each year (64) . In part, the clinical and pathological manifestations of tuberculosis (TB) result from unregulated inflammatory responses. The host locally destroys its own tissues while attempting to control the growth of bacilli within macrophages. However, M. tuberculosis infects approximately one in three people worldwide, indicating that the immune response normally contains infection without causing tissue damage. Understanding this successful response is critical for the development of novel approaches to the treatment of and vaccination against TB. The characteristic host tissue response to M. tuberculosis is granuloma formation, which depends on cytokines such as tumor necrosis factor alpha (TNF-␣) (4, 26) . Granulomas comprise cells of the monocyte lineage together with T cells and in the early stages contain neutrophils (6, 18) .
Many chemokines are involved in cellular recruitment to the granuloma (46) , but much interest has been focused on interleukin-8 (IL-8). IL-8 is the best characterized of the CXC subfamily of chemokines (2, 39) , and novel therapeutic approaches controlling IL-8 secretion during inflammatory responses are the subject of ongoing research (66) . IL-8 attracts neutrophils and T cells, both directly and indirectly, to sites of infection and has recently been demonstrated to be involved in monocyte recruitment (14) . IL-8 has been identified as a specific attractant for activated human lymphocytes in mononuclear cultures either with anti-CD3 or with purified protein derivative of M. tuberculosis (62) . At a cellular level, phagocytosis of M. tuberculosis particularly by tissue monocytes and macrophages is an important stimulus of IL-8 secretion (12, 24, 29, 69) . Other cell types, such as respiratory epithelial cells and neutrophils, may also secrete IL-8 in TB (23, 30, 42, 61) . Interestingly, IL-8 receptor A and B expression on polymorphonuclear neutrophils from human immunodeficiency virusseropositive patients is decreased, particularly if they are coinfected with M. tuberculosis (33) . In vivo studies have shown that IL-8 is central to normal immune responses to M. tuberculosis and that anti-IL-8 inhibits granuloma formation (28) . In TB patients, bronchoalveolar lavage fluid contains IL-8, the concentrations of which correlate with leukocyte numbers (27, 44) . IL-8 mRNA has been demonstrated in M. tuberculosis-infected tissue (5) . In addition, we and others have found that IL-8 concentrations in plasma were higher in patients who died from TB than in survivors (13, 40) .
The regulation of the IL-8 gene in monocytes/macrophages is complex and is stimulus and cell type dependent. In most cells, IL-8 is regulated primarily at the level of gene transcription (43) and is controlled by the transcription regulators NF-B, AP-1, CCAAT/enhancer binding protein ␤ (C/EBP␤), and Oct-1, all of which have functional binding sites in the IL-8 promoter (21, 37, 53, 65 ). An extensive number of studies have demonstrated that NF-B mediates expression of many genes involved in the lipopolysaccharide (LPS)-induced proinflammatory response (3) and activation of NF-B in monocytes is found in TB (56, 61) . In contrast, there are no data on AP-1 or Oct-1 activation in M. tuberculosis-infected monocytes or macrophages. NF-B has been characterized as belonging to the NF-B/Rel family of transcription factors, which play important roles in immune responses and in cell differentiation, induced by cytokines, growth factors, and other cell activators. NF-B proteins are kept in the cytoplasm by association with IB proteins. After cellular activation, NF-B dissociates from the inhibitor protein following its phosphorylation, ubiquitination, and degradation and translocates to the nucleus, where it binds to specific consensus DNA sequences (for reviews see references 3 and 15).
Down-regulation of IL-8 secretion is likely to be required so that cell influx to the site of infection by M. tuberculosis is limited. The T H 2 lymphocyte-derived cytokines IL-4, IL-10 and IL-13 are potentially important down-regulators of inflammation. Although TB was initially associated with a T H 1-type response (16, 31) , more recent data indicate that T H 2 cytokines may be associated with reactivation of infection in an animal model (20) and with extent of disease in humans (63) . IL-4, a cytokine central to driving the development of a T H 2 response, is known to inhibit secretion of many inducible cytokines, including IL-8 from LPS-stimulated monocytes (51) . However, IL-4 may enhance monocyte function by increasing expression of some proinflammatory molecules, including class 2 major histocompatibility complex and CD23, as well as causing secretion of monocyte-derived chemokine (1, 17) . IL-4 has been detected in bronchoalveolar lavage fluid from TB patients (50) . However, IL-4 expression has not always been detected in patients with TB (31), and IL-4 knockout mice have normal resistance to infection with M. tuberculosis (38) . IL-10 has potent anti-inflammatory properties both in vitro (9) and in vivo (41) . In addition to down-regulating proinflammatory cytokine secretion, IL-10 but not IL-4 stimulated release of down-regulatory soluble TNF receptor (22) . In contrast, IL-10 activated dendritic cells to become macrophages with increased activity against virulent M. tuberculosis (11) . IL-10 not only is secreted from T H 2 lymphocytes but also is released from monocytes. Regulation of secretion of monocyte-derived IL-10 after phagocytosis of M. tuberculosis involved multiple signaling pathways (49) . IL-13, also detected in TB (48), possesses a variety of immunomodulating properties, which include anti-inflammatory actions on monocytes (8, 35) .
The aim of this study was first to investigate the effects of IL-4, -10, and -13 on regulation of M. tuberculosis-induced IL-8 gene expression and secretion. Secondly, we examined the role of monocyte-derived IL-10 in autologous IL-8 secretion. We show that IL-8 gene expression and secretion in M. tuberculosis-stimulated human monocytes are down-regulated by IL-4 and IL-10 but not by IL-13. The data show the presence of a autocrine regulatory pathway. The mechanism by which IL-10 (but not IL-4) down-regulates IL-8 transcription is in part via reduced nuclear binding of NF-B.
MATERIALS AND METHODS
Culture of M. tuberculosis. M. tuberculosis strain H37-Rv (National Collection of Type Cultures, Colindale, United Kingdom) was maintained in Dubos medium enriched with albumin Cohn fraction V plus dextrose and sodium chloride at 37°C. Single-cell suspensions were obtained by sonicating cultures for 1 to 2 min to disperse clumped bacilli. The viable multiplicity of infection used to stimulate cell cultures was calculated in triplicate by plating serial dilutions of M. tuberculosis suspensions on Middlebrook 7H10 plates and counting colonies 3 to 4 weeks later.
Isolation of peripheral blood monocytes. Peripheral blood mononuclear cells were obtained from human blood (pooled buffy coats purchased from the North London Blood Transfusion Service, Colindale, United Kingdom). Cells were isolated by density gradient centrifugation over Ficoll-Hypaque (Amersham Pharmacia Biotech AB, Uppsala, Sweden). Monocyte separation was performed by adhesion purification for 1.5 h. Nonadherent cells were removed by three washes with phosphate-buffered saline. Monocytes were cultured in RPMI 1640 medium (Life Technologies, Paisley, United Kingdom) supplemented with 10% fetal calf serum, 2 mM glutamine, and 50 U of penicillin/ml. Cells were maintained at 37°C in a humidified 5% CO 2 incubator for up to 48 h during experiments. Based on trypan blue exclusion, cells were at least 95% viable.
Experimental protocols. For each experiment, adherence-purified monocytes were seeded in triplicate in flat-bottomed culture plates at 10 6 cells/ml and were left overnight at 37°C and 5% CO 2 . Cells were then either challenged with M. tuberculosis, left unstimulated (negative control), or exposed to LPS (Escherichia coli O111:B4; Sigma-Aldrich, Poole, United Kingdom), the positive control, at 1 g/ml. In specific experiments, cultures were pretreated for 1 h and throughout the duration of the study with either anti-IL-10 antibody (a generous gift from R. de Waal Malefyt, DNAX, Palo Alto, Calif.) or with the cytokines IL-4, IL-10, and IL-13 (used at concentrations of 0.1, 1, and 10 M). At specific time points, tissue culture supernatants were harvested and IL-8 concentrations were quantitated by specific enzyme-linked immunosorbent assay (ELISA). Cells were harvested concurrently for extraction of either RNA or nuclear proteins. Experiments were performed at least three times.
Semiquantitative RT-PCR. At specific times, monocytes were washed with phosphate-buffered saline prior to addition of Tri-Reagent (Sigma-Aldrich). The samples were homogenized by vortexing vigorously for 15 s and stored at Ϫ70°C until processed for extraction of total RNA according to the manufacturer's instructions. RNA was dissolved in sterile, RNase-free water and quantitated spectrophotometrically at 260 nm. Integrity of RNA was assessed by gel electrophoresis on a 2% agarose gel. RNA samples were then reverse transcribed and amplified by PCR (RT-PCR) in accordance with the manufacturer's instructions using the Superscript one-step RT-PCR system (Life Technologies), in which RT and PCR steps are performed in a single tube. For each experiment, equivalent amounts of intact RNA (0.1 to 0.2 g) were used in a 25-l reaction mixture, and the reaction was performed using a TouchDown thermal cycler (Hybaid Limited, Teddington, United Kingdom). Preliminary experiments established optimal RT-PCR conditions for the primer pairs used. cDNA synthesis was achieved in a 45-min incubation at 50°C and was followed immediately with 35 cycles of PCR amplification: denaturation (94°C) for 30 s, annealing (55°C for the IL-8 gene and 65°C for the ␤-actin gene) for 1 min, and extension (72°C) for 2 min. There was a final extension step at 72°C for 10 min. Primer sequences were as follows: for the IL-8 gene, 5Ј-CTCCATAAGGCACAAACTTTC-3Ј (sense) and 5Ј-ATC ACTCTCAGTTCTTTGATA-3Ј (antisense), and for the ␤-actin gene, 5Ј-GTG GGGCGCCCCAGGCACCA-3Ј (sense) and 5Ј-CTTTAGCACGCACTGTAAT TCCTC-3Ј (antisense). Omitting the RT/TaqMix and substituting 2 U of Taq DNA polymerase in the reaction mixture verified absence of genomic DNA in RNA preparation for ␤-actin gene. Primers for IL-8 gene amplification spanned the first two exons, and therefore size differences between genomic DNA and cDNA were readily identifiable; amplification of genomic DNA would result in a 1.13-kb fragment, in contrast with the 265-bp band that would be obtained after intron slicing (37) . Positive cDNA controls and negative controls (reverse-transcribed diethyl pyrocarbonate-treated water) were included in all experiments. Ten microliters of each reaction product was loaded on a 1.5% agarose gel in Tris-acetate-EDTA buffer, and PCR products were visualized by ethidium bromide staining.
Preparation of nuclear extract. At specific time points, nuclear extracts were prepared after adherent cells were washed once with cold phosphate-buffered saline. Cells were lysed immediately with the addition of cold extraction buffer A, consisting of 10 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol (DTT), and 0.2% NP-40. The culture dish was scraped, and the lysate was centrifuged at 1,850 ϫ g for 1 min at 4°C. Supernatants were discarded, and the nuclear pellets were resuspended in 60 l of buffer C, consisting of 20 mM HEPES (pH 7.9), 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.5 mM DTT, and 0.2 mM EDTA. A protease inhibitor cocktail tablet (Roche, Lewes, United Kingdom) was added to buffers A and C. Samples were then left on ice for 10 min. The solution was centrifuged at 1,850 ϫ g for 2 min at 4°C, and soluble nuclear extracts were recovered, aliquoted, and stored at Ϫ70°C. Ten microliters of each extract was kept for protein concentration measurements. Protein concentrations were determined with a Bio-Rad Protein Assay II kit (Bio-Rad, Hempstead, United Kingdom).
Electromobility gel shift assays (EMSAs). A double-stranded oligonucleotide containing the NF-B consensus sequence (Promega, Southampton, United Kingdom) was end labeled by using [␥-
32 P]ATP and T4 polynucleotide kinase (Promega). Probes were purified using a Centri-sep spin column (Sigma) following the manufacturer's protocols. Nuclear extract protein (2 to 3 g) and identical amounts of labeled oligonucleotide (approximately 2 ϫ 10 4 counts ⅐ min Ϫ1 ) were mixed in the presence of incubation buffer [1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), 0.05 g of poly(dI-dC)/l, 4% glycerol] for 10 min at room temperature. For supershift analysis, 1 g of NF-B p65 antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) was added to the incubation reaction. Probe binding specificity was confirmed in competition experiments using a 100-fold excess of cold, unlabeled probe. Protein-DNA complexes were resolved in 5% polyacrylamide gels, electrophoresed for 1 h at room temperature in 0.5ϫ TBE (45 mM Tris-borate, 1 mM EDTA [pH 8.0]). Gels were exposed to X-ray film overnight at Ϫ80°C.
Measurement of IL-8 concentrations.
Monocyte culture supernatants were analyzed for IL-8 concentrations by sandwich ELISA using matched pairs of antibodies (R&D Systems, Minneapolis, Minn.). Samples were run with serial dilutions of recombinant human IL-8 as standards. The lower limit of sensitivity of the IL-8 ELISA was 15 pg/ml. All results are expressed as the means Ϯ standard deviations of triplicate cultures.
Data analysis. All statistical analyses were performed using GraphPad Prism (GraphPad Software Inc., San Diego, Calif.). Data are presented as means from at least three separate experiments with standard errors of the means (SEM). Student's t test was used to assess differences between experimental conditions. A probability (P) value of Ͻ0.05 was taken as significant. Densitometric analyses were performed using NIH Image 1.58.
RESULTS

Effects of IL-4, IL-10, and IL-13 on M. tuberculosis-induced IL-8 secretion.
We first investigated the effects of IL-4, -10, and -13 on IL-8 secretion from human primary monocyte cultures pretreated with these cytokines for 1 h before stimulating cells with M. tuberculosis or appropriate controls. IL-4 and IL-10 significantly down-regulated IL-8 secretion in a dose-dependent manner (Fig. 1A and B) . IL-10 was more potent than IL-4: 1 M IL-10 caused approximately an 80% down-regulation of IL-8 secretion, whereas IL-4 at this concentration caused about a 40% decrease in IL-8 secretion. As expected, LPS-induced IL-8 secretion was down-regulated by IL-4 and IL-10. In contrast, IL-13 did not have any significant effect on either LPS-or M. tuberculosis-induced IL-8 secretion (Fig. 1C) .
To investigate the possibility of synergistic interactions between the different T H 2 cytokines, we next examined the effects that combinations of 1 M IL-4, -10, and -13 had on IL-8 secretion (Fig. 2) (Fig. 3A) . The effect of anti-IL-10 on M. tuberculosis-induced IL-8 was observed using significantly lower concentrations of antibody than was required to inhibit LPS-induced IL-8 secretion. This effect was observed after both 24 and 48 h of culture, although it was statistically significant only at 24 h, when the standard deviations were smaller.
These data indicate that an autologous negative feedback loop down-regulating IL-8 secretion exists in M. tuberculosis-infected monocytes (Fig. 3B) . used the semiquantitative technique of RT-PCR to examine IL-8 mRNA accumulation in monocytes as described in Materials and Methods. As we have previously found, IL-8 mRNA accumulation in monocytes is increased upon M. tuberculosis infection (Fig. 4) . In the presence of T H 2-derived cytokines, we observed that IL-4 (Fig. 4, lane 3) and to a lesser extent IL-10 (lane 4) caused a reduction in IL-8 mRNA accumulation. There were no additional changes when the inhibitory cytokines were used in combination (Fig. 4, lane 7) , indicating that their additive inhibitory effects on secretion are predominately due to posttranscriptional regulation. IL-13 consistently had a negligible effect on IL-8 mRNA levels (Fig. 4, lane 5) .
Effects of T H 2-derived cytokines on M. tuberculosis-induced
IL-4, IL-10, and NF-B nuclear binding in M. tuberculosisinfected monocytes. IL-8 gene expression is critically regulated by the activity of transcription factor NF-B (43, 53) . Nuclear binding of NF-B in M. tuberculosis-infected human monocytes has been described (56), and in our preliminary studies we found that this is maximal at about 90 min after infection. We therefore examined NF-B binding activity by EMSA in cultures that had been preincubated with either IL-4 or IL-10. Figure 5A shows representative data from one of at least three independent experiments, which demonstrate that nuclear binding of NF-B in M. tuberculosis-infected monocytes is decreased by preincubation with 10 M IL-10 (lanes 2, 4, and 5). In contrast, IL-4 had negligible effects on NF-B binding (lane 3). We confirmed that the observed effects were specific at 90 min by competition experiments using 100-fold excess unlabeled probe (Fig. 5B, lanes 1 and 2) . We further demonstrated that the active form of NF-B was being translocated to the nucleus by supershifting the majority of the M. tuberculosisinduced complex by preincubating nuclear extracts with specific antibody that binds the active p65 component of NF-B (Fig. 6, lanes 3 and 4) . We are currently investigating in more detail the nature of the complete NF-B complex.
AP-1 and Oct-1 nuclear binding in M. tuberculosis-infected monocytes. In addition to NF-B, AP-1 has also been implicated as an important control step of IL-8 secretion (43) . AP-1 binding is constitutively observed in nuclear extracts from adhesion-purified primary human monocytes and does not significantly alter following infection with M. tuberculosis (Fig. 6,  left panel) . Furthermore, AP-1 binding is not influenced by pretreatment of cultures with either IL-4 or IL-10. Oct-1 is a ubiquitously expressed transcription factor and has been shown to repress IL-8 promoter activity (68) . However, although Oct-1 binding was increased by infection with M. tuberculosis (Fig. 6 , right panel), nuclear binding was not altered by the presence of IL-4 or IL-10 in the culture medium.
DISCUSSION
We have investigated the mechanisms by which the T H 2-derived, down-regulatory cytokines IL-4, -10, and -13 may affect IL-8 secretion from human monocytes infected by M. tuberculosis. Our results demonstrate that IL-4 and IL-10 but not IL-13 inhibit IL-8 secretion and that these cytokines act in an additive fashion. Furthermore, autologous IL-10 secreted (25, 57, 60) , although they can act in a manner similar to that observed in down-regulation of TNF-␣ in LPS-stimulated murine macrophages (34) .
Our results showed a marked reduction in NF-B nuclear binding by IL-10 ( Fig. 5) , which is in agreement with inhibition of this transcription factor by IL-10 as observed in LPS-stimulated monocytes (58) . In contrast, IL-4 did not affect NF-B binding in this study, which is consistent with the fact that this cytokine showed little inhibitory effect on LPS-induced NF-B activation in human monocytes (32) , although IL-4 has been shown in other cell types to influence NF-B activity as a result of formation of DNA-STAT6-NF-B complexes (54) . Recent data suggest that IL-10 probably acts both by suppressing IB kinase activity to reduce NF-B translocation and by directly altering the binding of NF-B (47). If IL-4 does not repress IL-8 secretion via regulation of NF-B or Oct-1, it is possible that the SOCS/Jab/CIS families of negative regulators, which are expressed rapidly following cellular stimulation, have a role in such down-regulation (67) .
DNA binding of Oct-1 was also up-regulated in TB-activated monocytes. IL-4 and IL-10 did not alter such Oct-1 binding, which demonstrates that the down-regulation of IL-8 secretion by these T H 2 cytokines is unlikely to involve Oct-1. One possible confounding factor is that Oct-1 binds to a motif overlapping that of the C/EBP element acting as a transcriptional repressor, which may help to prevent expression of the IL-8 promoter in the uninduced state (65) . The binding of C/EBP upon cellular activation by TB would therefore release Oct-1 and allow its detection by binding Oct-1 probe in an EMSA.
The biological actions of IL-10 are mediated through the cell surface receptor IL-10R and are complex (19) . Although we have shown an effect on NF-B and IL-8 transcription, it is likely that other signaling pathways will mediate some IL-10 actions. For example, IL-10 induces activation of members of the JAK-STAT kinase family (10, 59) . Activation of mitogenactivated kinases may be involved in the anti-inflammatory effects of IL-10 (45), and these signaling pathways potentially 
